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Abstract

Active buildings (ABs) are flexible assets that can exploit the advantages of renewables and energy storage to meet their own
needs as well as have a positive impact on the grid. In order to control such systems, several Energy Management Strategies
(EMS) have been proposed, with automata being a very promising one. Unfortunately, when several ABs are being combined
with various operating restrictions imposed on them, these control methods will require high processing power and can become
cumbersome to operate particularly in an adaptive mode. In this paper, we propose for the first time to enhance automata with
a new method that utilizes evolution operators. In this work, it is proposed that the evolution operators will be used to express
the guard conditions of the automata, and hence allow the transition from one operating state to another, to be more flexible,
and versatile. This will allow us to control large and complex energy systems and will maximise their efficiency and lifetime.
As a case study, and to clearly show the merits of proposed methodology, a simple AB is considered, and we demonstrate with
an example of how easily we can adaptively modify the EMS when this is required.

1. Introduction

The UK is targeting the transition to net-zero carbon emission
by 2050 [1], and to achieve these goals, buildings with active
characteristics play a pivotal role [2]. ABs that are energy
positive in nature are becoming an integral part of modern
distribution power system along with virtual power plants, and
microgrids. The trend of having local renewable energy (RE)
generation (such as PV), energy storage systems, smart
operation of various assets/loads such as Electric Vehicles
(EVs) and thermal loads, make ABs as the essential part of the
low voltage distribution network [3]. Therefore, the efficient
EMS or controls for buildings that make them energy neutral
or even offer services to the grid are beneficial. Furthermore,
they can substantially reduce installation of ancillary power
sources, avoid congestion, provide various services to the grid,
and able to improve system reliability [4].

Optimization-based EMS are efficient and consider
various economic operational conditions [5]. However, due to
the non-linear, non-convex mathematical modelling and
complexity, reaching the optimal solution need high
computational effort. In contrast to it, predetermined EMS are
mainly developed for real time operation and are based on
understanding the system’s operation [6].

EMS for microgrids are modelled using different control
methods such as simple if-else rules as flowcharts, supervisory
control (SC) [7], [8], model predictive control [9], multi-agent
systems [10], and other generic methods [11-14]. Among
them, the traditional control methods such as if-else rules in
the form of flowcharts [15, 16] can result in complicated
control strategies for ABs and microgrids.

Finite state automata are well used to model a system with
multiple operating states and give better results than traditional
if-else strategies [17]. In [18], a virtual power plant was
modelled using Hybrid Automata (HA). The finite automata to
implement and instantiate EMS is proposed in [19], and it is

used in an integrated framework that was developed for sizing

and energy management of hybrid energy systems. Recently,

in [20] a hybrid automata-based EMS for a microgrid that
combines propositional-based logic to make transition
between several operating states of the system assets is used.

In parallel to this work, in [6] it was developed a new
method based on the so-called evolution operators in a state
space graph-based systems approach, for the management of
multi-vector microgrids. This has greatly simplified the way
that EMS are presented, optimised, and offered a valuable tool
into the more efficient operation of smart grids.

In this paper, we are proposing for the first time to combine
the idea of using evolution operators in conjunction with
automata in order to have an efficient way to describe an EMS
of an AB. This combined approach of automata with evolution
operators provides a better EMS for ABs that hope to provide
less complex and easy to control energy systems that are
adaptable and flexible. The contributions of this work are:

1. A novel idea of implementing EMS with evolution
operator incorporated automata for ABs.

2. In comparison to the conventional if-else rules or
forward/backward state verification, proposed approach
reduces computational complexity as it avoids repetitive
search among the possible states of a system.

3. These control strategies can be used in support with high-
level optimization approaches.

This paper is organised as follows. In Section 2, the
background details of automata and evolution operators are
briefly presented. Finite automata, evolution operators used,
control strategy proposed for a simple system (AB with PV
and battery) are presented in detail in Section 3. The
verification and qualitative analysis of the resultant EMS at
every time instant is provided in Section 4. The conclusions
and future extensions are briefly presented in Section 5.
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2. Background
2.1.  Automata

In general, automata are used to model the number of discrete
operating states of a system with different sub-components
[21, 22]. Finite automata consider dynamic relation between
all the system components [23]. Therefore, it can be used for
state transitions from one to another. In other words, the
implementation and instantiation of EMS can be performed on
a considered system using automata. Modelling of EMS using
automata with a system having several assets have advantages
[19] such as 1) small and simpler system models for assets
reduce complexity, 2) easy modification capability as it is a
graphical based illustration, 3) possibility of parallel state
transition, 4) adaptability to system changes.

The automata that can handle a system: a) having only
discrete finite states called Finite Automata (FA), b) having
both discrete and continuous state variables are called Hybrid
Automata (HA) [24]. These are represented by (1) in Section
2.2. The normalized SOC value of battery is an example of a
continuous state variable which varies between 0 and 1.

2.2, Finite automata and hybrid automata
The FA and HA can be defined using the following equation:

FA=(Q,2, G, q,F),HA=(Q X, f,D,E, G,R)
where:
Q =(01, 92 ..., gn) = set of discrete states in the system
go = initial state, F = Final state, 2’ = finite set of inputs
X = set of continuous states, f = vector field of X
D < QxX = Domain of the system. i.e., invariant set
E = QxQ =No. of edges between the discrete states Q.
G = Guard conditions to enable the transition between two
discrete states gy, gy € Q
R = Reset condition during the state transition.

As an example, in Fig.1 two discrete states (Q)
representation for a simple photovoltaic (PV) generation based
on solar irradiation can be represented in two states: no PV
output (state gi) and PV output (state gz). Here the transition
between each state happens when the guard condition satisfies
i.e., irradiation on solar cell more than its minimum required
irradiation to produce power.

when Iy, >= Iy,

State q;
(No PV output)

State q,
(PV output)

when Irgar< Mmin

Figure 1. An example of PV states

2.3. Evolution operators

In EMS for systems like ABs, microgrids, or VPPs the EMS
can be incorporated into the evolution operators [6]. These
evolution operators are usually a combination of logical
operators on Boolean variables associated with state variables
of the graph that represents the system. The state transition in
automata occurs in response to the evolution operators. For

more understanding on how this can be implemented, please
refer to [6].

3. Proposed Methodology
3.1 Building with active nature

The case study chosen in this work is a building connected to
distribution feeder that can provide required energy at any time
of a day, shown in Fig.2. The system was specifically chosen
to be simple in order to highlight the merit of the proposed
work. More specifically, the building is having a battery, own
PV generation that can supply its load and the surplus can be
fed to distribution system. In this work, the assumptions made
are, when there is a surplus (deficit) of power then it is used to
either charge (discharge) the battery or fed to (from) the
distribution system but not both, at the same time. In this work,
the losses due to the converter operations are ignored.

Power from

Generation and
Transmission
| —

Distribution System

Discharging

Figure 2. Considered building system with PV and battery

3.2. Automata states:
As shown in Fig.2, the operating state of the system at time t,

depends on available solar power, required load demand, and
battery SOC. Therefore, the system may be in a state of power
surplus or deficit, along with battery charging or discharging.
To obtain reachable and non-reachable states of the considered
system, modelling of each subsystem using finite automata
and performing parallel composition results in total of 12 states
(0-11).

Table 1: Possible total states of the system obtained using Automata

State: 0 State: 1 State: 2 State: 3
PV: OFF PV: OFF PV: OFF PV: OFF
Load: ON Load: ON Load: ON Load: ON
Grid: Import  Grid: Import Grid: Import  Grid: Export
Bat: Idle Bat: Charge Bat: Discharge Bat: Idle
State: 4 State: 5 State: 6 State: 7
PV: OFF PV: OFF PV: ON PV: ON
Load: ON Load: ON Load: ON Load: ON
Grid: Export  Grid: Export Grid: Export  Grid: Export
Bat: Charge  Bat: Discharge Bat: Discharge  Bat: Charge
State: 8 State: 9 State: 10 State: 11
PV: ON PV: ON PV: ON PV: ON
Load: ON Load: ON Load: ON Load: ON
Grid: Export  Grid: Import Grid: Import  Grid: Import
Bat: Idle Bat: Discharge  Bat: Charge Bat: Idle

From each state 4 possible states can be reached via a single
event transition. All possible 12 states and their description are
given in Table 1.



The modelling of each component of system (PV, grid,
battery, and load) and whole states, their transitions, event
condition are clearly shown in Fig.3. By default, we
considered that the load is always ON and present in every
state of the system. For better illustration, the representation of
load (black lines), conditions to remain in same state for each
component are ignored in Fig 3.

Battery
Charge<--—-—--> Discharge

PV off <--—-—-> Ol grid Import <-------> grid Export

(3

Initial

Figure 3. Automata states and their transition conditions

Only one of the two transition condition are shown on each
coloured line will be active during a state transition from one
to another. For example, at state 0, PV is OFF and when PV is
ON, the transition condition (Green-12) satisfies, and system
now move to state 11.

Therefore, it is understood that a simple system shown in
Fig.2 has 12 possible states and 48 state transition conditions
as shown in Fig.3. Whereas for bigger systems with several
components, the number of states will drastically increase and
need to check numerous state transition conditions. This is
computationally expensive. To develop reconfigurable,
extendable EMS, easily adaptable, and verifiable conditions
for state transitions, we are proposing the combination of
automata along with evolution operators as guard conditions
to the transition from one state to another.

3.3. Evolution operator control strategy

In the considered AB, the system operation affected by the
active components, the available power to satisfy the load, and
the available energy in the battery. To describe these
statements, we define three Boolean variables as [3]:

p1 =[P () >0], p, =[SOC(t) < SOC,,, ]
p, =[SOC(t) > SOC,,,,]

where, Py, (t) = P, () = Py (1)

Hence now, we can define the four evolution operators
&, (1 =1,2,34) as:

ELZPLNPy €y = PPy E3= PLAPss €4 = PLAPy
3.4. Methodology of building the EMS

To develop EMS and their transition for the considered
system, the proposed methodology is presented in Fig.4. As
step 1, we model each component of system using automata.
By performing parallel composition, the reachable states and
their transition conditions are obtained. In step 2, the
expert/system operator input is considered to obtain a desired
number of operating states and conditions. In step 3, based on
expert input, the guard conditions are formulated using
evolution operators as shown in Section 3.3. Finally, we
combine the finite automata states obtained from steps 1 & 2
and use evolutionary operators formulated in step 3 as guard
conditions (in step 4) to EMS state transition from one to
another. The main novelty of this type of implementation is to
provide a) easily reconfigurable- by modifying any sub system
operation (shown in Section 4: Scenario-2), b) extendable-
adding of any additional components such as diesel generator,
fuel cell to the existed system (Section 5: Future Work), and c)
interactive (from operator/user inputs), EMS for ABs.

STEP 1 STEP 2 STEP 3
Modell!ng of each subsystem Operation conditions Formulate the
using automata and . " .
. B : specified F»  conditions using
reachability sates using (expert input) evolution operators
parallel composition Apert i pe

STEP 4

Combine automata & evolution operator
and control to stay in same state or transition [«
from one state to another state

v

Figure 4. Methodology for EMS transition in a system using automata
with evolution operator

More specifically, with desired operation and expert input, the
four operating EMS states in this simple system obtained using
procedure shown in Fig.4 are:

State qi: When the AB is in power surplus mode (Ppy (t) >
P, .4 (t)) and battery is at its maximum capacity (SOC(t) =
SOCinax);

State q2: When the AB is in power surplus mode (Ppy (t) >
Proaa(t)) and battery isn’t fully charged (SOC(t) <
SOCinax);

State gs3: When the AB is in power deficit mode (Ppy, (t) <
P;qq(t)) and battery unable to supply the load (SOC(t) <
SOCmin);

State q4: When the AB is in power deficit (Ppy, (t) < Ppoaq(t))
and battery can supply the load (SOC(t) > SOC,,;;,));

The control algorithm for ABs that uses the above evolution
operators are presented in Algorithm 1.



Algorithm 1: Evolution operator incorporated automata
control strategy:

Input: PV output, initial state of the system (qo)
Output: SOC of battery, state of system and power flows.

Step 1: input the PV and load profile data for the required
control period (T= 24 hours, time step (4t = 1 hour)

Step 2: calculate the power surplus or deficit (Pret)

Step 3: calculate the Boolean variables that quantify the state
of the graph, p4, p,, ps.

Step 5: evaluate evolution operator (g;) to initiate state
transition of the system to a new state g;.

Step 6: battery should charge or discharge or keep idle state
depend on the Step 5.

Step 7: repeat the process for the whole period and calculate
all the power flows.

4. Results and Analysis

The considered AB model simulation is simulated in
MATLAB environment and the PV generation, load profiles
for a 24 hour time period with time step of 1 hour is taken form
[25, 26]. A battery of size 10 kWh is considered in the present
work, and it is assumed that the battery charge with Ppe (when
surplus) and discharge Pnet (when Deficit) to the load
considering maximum and minimum SOC limits. The initial,
minimum, maximum SOCs, and both charge, discharge
efficiencies of battery are considered as 0.5, 0.3, 0.9, and 1
respectively.

Scenario 1: Proposed approach on original system: Figure 5
shows the plots (colour: Blue) for AB state estimation and the
actions that the energy management control strategy takes at
each hour. Figure 5(a) shows the load and PV generation
profiles for 24 hours. It is observed that the PV generation is
more than the load requirement at time instances between t =
11" and 16" hour in the considered day, and correspondingly,
the system may be state g; or state g, during this time. It will
be dependent on the battery SOC in the previous (t-1) and
current time instance (t), load, and PV generation. In Fig.5(b),
the SOC values of the battery from t = 1 to t = 24 are plotted.
Furthermore, when the system is operating in state gy, battery
charges from the excess available PV generation. And in state
g4, battery discharges to supply the balance AB load. Figure
5(c) shows the states of the building for the whole day when
evolution operators are used as the control logic. During
surplus mode (Pnet >0) the battery is charged with the power
available from PV, therefore the building is operating on state
2. If battery reaches its maximum SOC then surplus power
fed to the distribution system and AB operating state is .
When deficit, it operates on State g3, or State g. depend on the
SOC of battery. When system is in State gs, importing power
from the distribution gird to satisfy the load demand. Overall,
using evolution operators-based rules to implement the EMS
for an AB, that allow transition from one state to another
operating states are successfully developed and verified.
Scenario 2: Proposed approach with reconfigurable EMS:
The methodology presented above based on HA is well known
to be very efficient in describing EMS of microgrids [20].
Having said that, when the authors have implemented similar
EMS on a real system, built in Xanthi Greece [3], it was

observed that the EMS needed to be constantly updated in
order to increase the system’s autonomy from the main grid.
As an example, it was observed that sometimes (under specific
load/weather conditions) it was beneficial for the system to
allow the battery to get to lower values of SOC than normal.
This was particular true when various assets for the system
presented in [3] where being activated in order to provide extra
energy to the system while it was just a few hours before the
PVs were to generate large amounts of energy. So these assets
were overutilized and should not have been activated. This
specific situation will be studied here. More specifically, in
order to demonstrate the enhanced automata using the
aforementioned evolution operators, we will enhance the EMS
by allowing the system to work on lower values of SOC if
there is a forecast for high PV output a few samples after the
SOC has dropped below 0.3. This can easily be achieved by
using the following change in Boolean variable p;of the
evolution operators (&3, €,) as a guard condition:

P3+ = Pz V (p1 A ppy)
where p,,, =[ P (t+1)> P |A[ RS (t+2)> Pl |, with
PSr is the forecasted PV output and P."is a predefined

threshold (which can be time dependent and adaptive in
general). Hence, if a forecasting tool has predicted that the PV
generation is going to be high enough for next two consecutive
2 samples then p,, will be 1 and hence the battery will be

discharged below 30%.

The important thing to note here is that the automata states
and operation will not be affected by this change and hence the
overall EMS will remain the same. On the other hand, by doing
this small change to the guard condition it is possible to greatly
enhance the system’s operation. As it was presented in [3], for
a system not operated with automata, this can greatly enhance
the microgrid’s operation. In this paper we combined the
results in [3] with automata and we show that the adaptability
of the evolution operators can also be useful in ABs.
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Figure 5: Evolution operator-based control strategy for an AB for
both Scenarios 1 & 2: a) PV and load profiles, b) SOC of battery at
time t, and c) AB state of operation

The results obtained by considering the PV forecasted
information plotted in dotted line (colour: Orange) of Fig.5.
The highlighted part in the Fig.5 shows at t = 10" hour, even



though the Pret(t) < 0, due to more PV output in the next two
instances, the battery discharges from its SOC of 0.3 to
maximum discharge SOC of 0.2. At t = 10, the EMS changes
from state g3 to g4 for short time and avoided the power intake
from the distribution system. From t = 16" hour, battery is no
longer discharges since load power requirement is more than
the battery capacity that it can supply (to avoid battery
discharge more than minimum SOC limit of 0.3) and no more
PV output is observed in the coming two consecutive time
instances.

5. Conclusion

The basic idea of evolution operator in conjunction with
simple finite state automata approach is presented for an active
building. The system transition through the different states by
using these control rules is presented and verified. Also, an
extended case study to show the flexibility in modifying
evolution operators to change the systems behaviour is
presented. The limitations of if-else rule based logical
operations in terms of a greater number of sub system
components and their interactions can possibly avoided
through the proposed method. Though the considered system
is simple and have basic AB components such as PV and
battery, the evolution operator incorporated automata is first of
its kind to be applied and can be a potential method for
implementing EMS in ABs with more components. In
addition, the demand response and forecasting information
incorporation will be easier than the simple if-else rule-based
control strategies.

Future work: The proposed method can be developed and
extended to ABs or microgrids with various sources such as
wind turbines, controlled heating systems, electrolysers and
fuel cells, a diesel generator, and loads with different
characteristics, preferences. This low-level control strategy
can be incorporated within a high-level optimal EMS.
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